Background Failure after total knee arthroplasty (TKA) may be related to emerging technologies, surgical techniques, and changing patient demographics. Over the past decade, TKA use in Korea has increased substantially, and demographic trends have diverged from those of Western countries, but failure mechanisms in Korea have not been well studied.
The Knee Society, patient demographics, information on index and revision of TKAs, and indications for index TKA. The influences of patient demographics and indications for index TKA on the risk of TKA failure were evaluated using multivariate regression analysis. The trends in revision procedures and demographic features of the patients undergoing revision TKA over the last 5 years were assessed. Results The most common cumulative cause of TKA failure was infection (38%) followed by loosening (33%), wear (13%), instability (7%), and stiffness (3%). However, the incidence of infections has declined over the past 5 years, whereas that of loosening has increased and exceeds that of infection in the more recent 3 years. Young age (odds ratio [OR] per 10 years of age increase, 0.41; 95% confidence interval [CI], 0.37-0.49) and male sex (OR, 1.88; 95% CI, 1.42-2.49) were associated with an increased risk of failure. The percentage of revision TKAs in all primary and revision TKAs remained at approximately 3%, but the annual numbers of revision TKAs in the more recent 3 years increased from that of 2008 by more than 23%.
Conclusions Despite a recent remarkable increase in TKA use and differences in demographic features, the causes and risk factors for failures in Korea were similar to those of Western countries. Infection was the most common cause of failure, but loosening has emerged as the most common cause in more recent years, which would prompt us to scrutinize the cause and solution to reduce it. Level of Evidence Level IV, therapeutic study. See the Instructions for Authors for a complete description of levels of evidence.
Introduction
TKA is one of the most efficacious, successful, and costeffective treatments for advanced knee arthritis [4, 8, 32] . In addition, as TKA is being recognized as a standard treatment option for end-stage knee disease, its use has increased steadily over the past few decades [1, 9, 21, 26, 33, 35, 36, 42, 43] . Moreover, the future demand for TKA is projected to increase substantially [12, 20, [27] [28] [29] as is the need for revision TKA in the future [27] [28] [29] . Although revision TKA is reported to be a reliable and cost-effective procedure for failed TKA [3, 23, 40] , it is generally recognized as more technically difficult with inferior outcomes, which are devastating to the patients, and is more expensive than primary TKA. Therefore, a thorough understanding of causes of failure after TKA is necessary to improve surgical and implant performance and minimize risk of failure. In addition, information on trends in performance and demographics of patients who undergo revision TKA would help to establish appropriate healthcare strategies, because this procedure places a considerable economic burden on healthcare resources [3, 27, 28] .
Because the causes of failure after TKA are strongly associated with trends in primary TKA use such as emerging new technologies, surgical techniques, and changing demographics, carefully updated information on revision TKA is essential to recognize current failure mechanisms after TKA. Multiple recent epidemiologic studies and nationwide TKA registries in Western countries have documented that the major reasons for revision TKA are infection, loosening, instability, wear, and pain [1, 2, 19, 35, 36, [42] [43] [44] , whereas the proportion of revision TKA for wear has diminished [11, 41] . However, few studies have elucidated the causes of failure after TKA in Asian patients. Indeed, only one study in the current literature focused on Asian patients and reported that the common causes of TKA failure in Japan were loosening, infection, wear/osteolysis, and instability [22] . Moreover, the causes and risk factors for failure after TKA in Korea have not been elucidated, and the longitudinal trends in revision TKA remain unclear.
We therefore (1) determined the causes of failure after TKA; (2) identified risk factors for failure based on patient demographics and diagnoses listed for the index TKA; and (3) determined the longitudinal trends in revision TKA use and demographics over the past 5 years using a data set compiled by multiple centers in Korea.
Patients and Methods
We retrospectively identified 634 revision TKAs and 20,234 primary TKAs performed between January 1, 2008, and December 31, 2012, at 19 institutes in Korea, which were affiliated with the Kleos Korea Research Group. This study was approved by the institutional review board of the first author's hospital. Of the 19 institutes, 16 were secondary or tertiary referral, training hospitals and three were specialized hospitals for knee surgery; 13 were metropolitan and six were located in provincial areas. We included only primary TKAs and revision TKAs after primary TKAs, excluding TKAs after unicompartmental knee arthroplasties and rerevision TKAs. This data set consisted of all the procedures performed at those sites during the time period indicating that the mentioned inclusion criteria were met. Of the 643 TKAs needing revision, 336 (53%) were referred to the 19 Kleos institutes for revision TKA. The mean time to revision was 76.5 months (range, 1-312 months).
All clinical information was collected using a predesigned case report form from the 19 institutes. The clinical information included demographic data, time to revision, the indications for index TKA, causes of failure after index TKA, and types of revision TKA. Demographic data included age, sex, height, weight, and BMI. The indications for index TKA were classified as (1) primary degenerative arthritis; (2) secondary degenerative arthritis such as that after infection, trauma, instability, tumor, and congenital anomaly; (5) tibial polyethylene insert only. The causes of failure were determined by medical records and radiographic findings. They were classified into 11 items based on a standardized complication list and definition of The Knee Society [17] , including infection, loosening, wear, osteolysis, instability, periprosthetic fracture, stiffness, malalignment, implant failure (implant fracture or insert dislocation), extensor mechanism failure, and unidentified pain. If there were combined causes of failure, the major reason that was determined to be the most predominant failure mechanism was selected by the surgeon. We also collected demographic information including age, sex, weight, height, and BMI and indication for TKA from the primary TKA group using the same classification as the revision TKA group.
For each cause of failure, we assessed the cumulative incidence, the time-dependent incidence, the age-specific incidence, and time to revision TKA. In addition, we identified the risk factors for overall TKA failure and for each cause of failure and the age-specific risk factors in each age group. Finally, the number of primary and revision TKAs, the number of each revision type, the proportion of each cause and demographic data in each year during the study period, and the age-specific performance of revision TKAs were assessed to investigate trends in revision TKAs.
The cumulative incidence of each cause of failure was determined by calculating the incidence of each of the 11 causes of 634 revision TKAs during the study period. To determine the time-dependent incidence for each cause, the incidences according to the time period from index TKA to revision TKA were assessed and plotted against time. To evaluate the function of age, it was adjusted to the age at index TKA, which was calculated by subtracting the time to revision (years) from age at revision TKA, and then it was categorized into three groups: younger than 65 years, 65 to 74 years, and 75 years or older. The revision burden was calculated by dividing the number of revision TKAs by the total number of primary and revision TKAs [34] . Difference in distribution of failure causes among those three age groups was compared using the chisquare test, and differences in time to revision and the revision burden of each cause of failure among those three age groups were compared using ANOVA. To identify predictors for failure after TKA and each cause of failure, we performed univariate comparisons between the overall revision TKA group and the primary TKA group and between each cause of failure and the primary TKA group. Multivariate logistic regression analysis was used to identify risk factors for overall failure after TKA and each cause. Univariate comparisons were performed for the demographic data (sex, age, height, weight, and BMI) and the indications for index TKA. The statistical significance of differences between the revision TKA group and primary TKA group was determined with the chi-square test for categorical variables and the Wilcoxon signed-rank test for continuous variables. Variables with p \ 0.1 on univariate analysis were used for multivariate logistic regression analysis and odds ratios (ORs) with 95% confidence intervals (CIs) were calculated to account for potentially confounding variables. To identify age-specific risk factors, multivariate logistic regression analysis was performed for each of the three age groups. Finally, trends in revision TKA were determined by assessing the annual number of primary and revision TKAs, the revision burden, the annual number of each revision type, the annual proportion of each cause, and annual demographic data (age, sex, weight, height, BMI, incidence of obesity) between 2008 and 2012. Chi-square tests were used to determine the statistical significance of differences in the categorical variables, and the Wilcoxon signed-rank test was used for continuous variables. Statistical analyses were conducted using SPSS 1 for Windows (Version 17.0; SPSS Inc, Chicago, IL, USA).
Results
The most common cumulative cause of TKA failure in the past 5 years was infection (38%) followed by loosening (33%), wear (13%), instability (7%), and stiffness (3%). Each cause had a different time-dependent incidence pattern and age-specific distribution. Infection was the most common cause of failure within the first 2 years (77%), whereas loosening was the most common cause of failure after 2 years (44%; Table 1 ). In addition, the incidence of infection reached a peak during the first 2 years and declined rapidly thereafter, whereas the incidence of loosening and wear increased slowly from 2 years after TKA and overtook infection to become the most common reason 6 years after TKA ( Fig. 1 ). Among patients younger than 65 years, loosening (38%) was the most common cause of failure followed by infection (24%) and wear (22%), whereas infection (50%), loosening (26%), and instability (7%) were common failure causes in the 65 years or older age group (p \ 0.001). In addition, time to revision for all causes of failure decreased with increasing age and had a different time-dependent pattern (Fig. 2) ; thus, patients younger than 65 years of age had the longest time to revision (103 months), whereas the 75 years or older age group had the shortest time to revision (41 months, p \ 0.001; Table 2 ). Moreover, each cause of failure had quite different age-specific patterns ( Fig. 3) .
Young age at the time of index TKA and male sex were identified as risk factors for failure after TKA overall, and male sex and nonprimary degenerative arthritis as indications for index TKA were predictors for failure in the younger than 65 years age group (Table 3) . Univariate comparisons revealed several demographic factors such as age at the time of index TKA, sex, and indication for index TKA that differed between the primary and revision TKA groups and the primary TKA and each failure group. Multivariate regression analysis revealed that the overall risk for TKA failure decreased by 60% for every 10 years of age increase at index TKA (OR per 10 years of age increase, 0.41; 95% CI, 0.37-0.49). The risks of wear and loosening were decreased by 80% and 70%, respectively, for every 10 years of age increase (OR per 10 years of age increase, 0.20; 95% CI, 0.15-0.26 for wear; OR per 10 years of age increase, 0.30; 95% CI, 0.25-0.35 for loosening) ( Table 3 ). The overall risk for revision was increased by 1.9-fold for males (OR, 1.9; 95% CI, 1.42-2.49), and the risks for infection and stiffness were increased by 2.3-fold (OR, 2.27; 95% CI, 1.51-3.40) and 6.7-fold (OR, 6.68; 95% CI, 1.78-25.41), respectively. The risk for failure was increased by 1.6-fold for males (OR, 1.55; 95% CI, 1.03-2.32) and 1.8-fold for nonprimary degenerative arthritis as indications for index TKA (OR, 1.77; 95% CI, 1.20-2.59) in the younger than 65 years age group. However, no significant risk factor was identified in the 75 years or older age group.
Over the past 5 years, annual numbers of revision TKA increased notably, and the most common cause of failure changed with no differences identified in the types of revision TKAs and demographic characteristics of patients undergoing revision TKAs ( Table 4 ). The annual numbers of revision TKAs in the more recent 3 years increased from the number of 2008 by more than 23%. However, the revision burden, defined as the percentage of revision TKAs in all primary and revision TKAs, remained at a similar level, approximately 3%; the annual numbers of primary TKAs increased as well. In the first 2 years, infection was the most common cause of failure (54% in 2008 and 41% in 2009), but in the more recent 3 years, loosening was the most common cause (33% in 2010, 40% in 2011, and 35% in 2012). Other failure causes showed similar orders and percentages over the 5 years, namely, wear of approximately 13%, instability of 7%, stiffness of 3%, and periprosthetic fracture of 2%. No notable patterns of changes were identified in the revision types and demographic characteristics of patients undergoing revision TKAs.
Discussion
The cause of failure after TKA depends on a number of factors, including changes in patient demographics, surgical techniques, and, sometimes, emerging technologies failing to meet expectations. An understanding of the most common failure mechanisms after TKA and risk factors for these failures is essential to help guide our choices of techniques and approaches. In addition, current information on trends in revision TKA is important to establish appropriate healthcare strategies regarding future demand for revision TKA. The current TKA use in Korea has reached that of Western countries over the past 10 years owing to the rapid growth of primary TKA use; however, the demographic trends in Korea differ from those of Western countries. In Korea, the proportion of elderly patients (C 65 years) is higher than in other countries and there is a ninefold higher female predominance [25] . We therefore determined causes, risk factors, and longitudinal trends in revision TKAs over the past 5 years based on the clinical records of 19 institutes in Korea.
Several limitations of this study should be noted. First, because we evaluated only Korean patients, the demographic characteristics and lifestyle of our study population should be noted before extrapolating our findings to other populations. Some salient differences to consider might include more frequent varus knee deformity [6, 7, 31] , more frequent squatting and kneeling in daily activities [15, 24] , the higher use of TKA in elderly patients (C 65 years), and a pronounced female predominance [25] .
Second, the present study was retrospective, but we classified the causes of failure according to a recently defined standardized complication list proposed by The Knee Society [17] . Some causes of failure did not exactly meet the criteria, especially for infection, and a more validated definition of each kind of failure using broad-based clinical practice data would help studies like ours better classify failures; we believe that validation of complication lists like those of The Knee Society [17] will help us better understand current TKA failure mechanisms. Third, because we only recorded age, sex, weight, height, and BMI for the patient demographics, we were unable to account for the potential effect of other patient characteristics that might be strongly associated with TKA failure such as patient comorbidities, preoperative deformities and functional status, activity level, socioeconomic status, and Fig. 1 A graph shows the time-dependent variation in the incidences of the causes of TKA failure. Periprosthetic joint infection (PJI) increased rapidly, peaked at 1 year after TKA, and declined rapidly thereafter. Loosening and wear increased slowly, peaked 7 to 10 years after TKA, and then declined slowly. Fig. 2 A graph shows age-specific trends in the time at which revision TKAs were performed. Revision TKAs reached a peak 2 years after TKA in all age groups, declined thereafter in the 65 years or older age group, and decreased slowly 10 years after TKA in the younger than 65 years age group. education level. Fourth, we did not take into account the potential impact of implant characteristics and surgical techniques such as a mobile-bearing, high-flexion design, minimally invasive technique, navigation, and patientspecific implants. Likewise, we did not classify the type of loosening and wear based on each component. The lack of these data does not allow us to draw conclusions about implant-specific or technique-specific causes of failures. Fifth, our study also did not consider surgeon or hospital statistics such as the number of TKAs performed annually or number of hospital beds. These data would better enable us to understand the current failure mechanisms and risk factors for failure. Future studies should investigate these issues in more detail. Finally, there is concern over whether this study accurately represents the nationwide trends regarding TKA performance in Korea. However, our current data accounted for approximately 10% of primary and revision TKAs in Korea during this study period, lending our study validity in this respect. Despite these limitations, this study is the largest series regarding revision TKA trends in an Asian population and can provide valuable information on failure mechanisms after TKA.
Our findings suggest that the current major reasons for revision TKA in Korea are infection, loosening, and wear and that each cause of failure has different trends in agespecific performance of revision TKAs. In this study, infection (38%), loosening (33%), wear (13%), instability (7%), and stiffness (3%) were the major reasons for revision TKA during the past 5 years. Our study concurs with recent nationwide TKA registry reports (Table 5 ) and with previous studies ( Table 6 ) that have reported infection, loosening, wear, and instability as current major failure mechanisms, except for a higher proportion of patellar resurfacing (14%-23% in Western countries versus 1% in this study) and unidentified pain (9%-31% in Western countries versus 0.3% in this study) in nationwide TKA registry data in Western countries [1, 2, 19, 22, 35, 36, [42] [43] [44] . The reason why the incidence of unidentified pain was higher in TKA registry reports is unclear, but it may be associated with the use of different definitions of failures among countries. In addition, 10 years ago, wear was reported as the most prevalent failure mechanism, accounting for 56% of all revision TKAs [41] , and early failures of cementless implants were reported to account for 13% [11] . Our findings, along with those of previous studies, indicate that causes of failure are changing as emerging technologies and surgical techniques for TKA change, and the incidence of implant performance-related failure has decreased over the past decade. On the other hand, there were notable associations between the causes and time to revision in relation to the primary TKA, and the incidence of each cause was affected by the age at index TKA. Surgeons should recognize the recent trends in failure mechanisms and be aware of the most likely causes for failure for each age group to improve surgical performance and postoperative management after TKA.
In this study, male sex and younger age at the index TKA were identified as the risk factors for failures, but to our surprise, obesity, which is a well-documented risk factor for TKA failure [10, 13, 38] , was not a major risk factor. Our finding of no association between obesity and TKA failure may be associated with a relatively low prevalence of severe obesity in Asian patients. This interpretation was echoed by a previous study reporting that obesity was not a risk factor for TKA failures in Japanese patients [22] . On the other hand, the identified risk factors, male sex and younger age, concur with previous studies reporting a higher revision rate for younger patients [1, 14, 18, 23, 34, 39, 45] , a higher association between wear and young age [19, 37] , and a higher incidence of infection in males [1, 22] . However, this study does not provide clues to understand why male sex increases the risk for infection, and future studies are warranted to elucidate this issue and to reduce infection in male patients. Nonetheless, our findings indicate, despite improvement of surgical technique and implant performance, implant longevity must still be improved in younger, active patients.
Our data suggest although the incidence of revision TKAs has increased and the distribution of failure Australia [1] England and Wales [35] New Zealand [36] Norway [42] Sweden [43] Current study (14) Pain (16) Infection (24) Infection (13) Patellar resurfacing
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Instability (6) Lysis (10), wear (10) Instability (7) Wear § (5) Wear Stiffness (3) * Failure causes are listed in the order of the percent given in parentheses if available; loosening was classified as loosening/lysis in the original report [1] ; à all tibial, femoral, and patellar component loosenings were added; § wear was classified as ''defect polyethylene'' in the original report [41] ; the proportion of indications was presented as a graph only [43] ; revision burden was defined as the ratio of revision TKAs to the total number of primary and revision TKAs [34] ; NJRR = National Joint Replacement Registry; NJR = National Joint Registry; NZJR = New Zealand Joint Registry; NAR = Norwegian Arthroplasty Register; SKAR = Swedish Knee Arthroplasty Register; N/A = not available; N/P = not presented. mechanism has changed, demographic characteristics of patients undergoing revision TKAs remained stable. In this study, the annual number of both primary and revision TKAs increased by 57% and 23%, respectively, and the incidence of loosening has increased and exceeds that of infection recently. However, the demographics of patients with revision TKA did not change over the period of our study. Our data concur with nationwide TKA registry reports in Western countries that found an increase in the overall number of revision TKAs with stable demographics [1, 5, 35, 36] . Our findings, along with those of previous reports, indicate that appropriate healthcare strategies for preparing the future demand for revision TKA such as ensuring adequate hospitals and workforce for TKAs and revisions and providing adequate reimbursement should be established [12, 20, 29, 30] . Also needed is a better understanding of the reasons why the proportion of loosening has increased recently. It may be associated with a high rate of early femoral component loosening after highflexion TKA designs in Korean, which was reported to be associated with postoperative high-flexion activities [15, 16] . Carefully updated epidemiologic studies on revision TKA reflecting current TKA technologies based on more detailed demographic features are needed to find the reason and solution for the recent increase in loosening in Korea. This study demonstrates that despite a recent remarkable increase in TKA use and different demographic features in Korea, the causes and risk factors for revision TKA are similar to those of Western countries. Infection is the most common cumulative cause of failure, but loosening has emerged as the most common cause in more recent years, which would prompt us to scrutinize the cause and solution to reduce it. The findings of male sex and younger age at index TKA as risk factors for revision emphasize that special efforts should be made to improve the durability of TKA in these young active patients across the countries. The information that this study provides on cause of failures, risk factors, and temporal patterns of revision TKAs should be considered to establish appropriate strategies for meeting the future demands for revision TKA. * Revision burden was defined as the percentage of revision TKAs in all primary and revision TKAs [34] ; NIS = Nationwide Inpatient Survey; N/P = not presented.
